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During endochondral ossiﬁcation, growth plate cartilage is replaced with bone. Mineralized cartilage
matrix is resorbed by osteoclasts, and new bone tissue is formed by osteoblasts. As mineralizedKeywords:
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cartilage does not contain any cells, it is unclear how this process is regulated. We hypothesize that, in
analogy with bone remodeling, osteoclast and osteoblast activity are regulated by osteocytes, in
response to mechanical loading. Since the cartilage does not contain osteocytes, this means that
cartilage turnover during endochondral ossiﬁcation would be regulated by the adjacent bone tissue. We
investigated this hypothesis with an established computational bone adaptation model. In this model,
osteocytes stimulate osteoblastic bone formation in response to the mechanical bone tissue loading.
Osteoclasts resorb bone near randomly occurring microcracks that are assumed to block osteocyte
signals. We used ﬁnite element modeling to evaluate our hypothesis in a 2D-domain representing part
of the growth plate and adjacent bone. Cartilage was added at a constant physiological rate to simulate
growth. Simulations showed that osteocyte signals from neighboring bone were sufﬁcient for
successful cartilage turnover, since equilibrium between cartilage remodeling and growth was
obtained. Furthermore, there was good agreement between simulated bone structures and rat tibia
histology, and the development of the trabecular architecture resembled that of infant long bones.
Additionally, prohibiting osteoclast invasion resulted in thickened mineralized cartilage, similar to
observations in a knock-out mouse model. We therefore conclude that it is well possible that osteocytes
regulate the turnover of mineralized growth plate cartilage.
& 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
During growth, bone is formed through endochondral ossiﬁca-
tion, which involves highly organized cartilaginous growth plates.
In these growth plates, chondrocytes proliferate, hypertrophy,
and synthesize extracellular matrix, which becomes mineralized.
Mineralization combined with low oxygen tension attracts blood
vessels, and chondrocytes in mineralized areas undergo apoptosis
(van der Eerden et al., 2003; Gerber et al., 1999). The newly
formed blood vessels bring in osteoclast-like cells, which resorb
the mineralized cartilage (Vu et al., 1998; Nordahl et al., 1998),
and osteoblasts, which form new bone (Mackie et al., 2008).
However, it is unclear how these processes of cartilage resorp-
tion and bone formation are regulated during endochondral
ossiﬁcation.
Conversely, in bone remodeling, the regulation of osteoclastic
bone resorption and osteoblastic bone formation has been inves-
tigated extensively. It is generally believed that bone remodelingbergen).
sevier OA license.is controlled by osteocytes, which act as mechanosensors and
regulate osteoblast and osteoclast activity (Cowin et al., 1991;
Lanyon, 1993; Klein-Nulend et al., 2003). Osteocytes are suitable
for this function since they form an extensive network by gap
junction connections to each other, lining cells, and osteoblasts
(Klein-Nulend et al., 2003; Bonewald, 2006). Furthermore, cell
culture studies have demonstrated that osteocytes are sensitive to
mechanical loading and ﬂuid ﬂow (Klein-Nulend et al., 1995;
Mullender et al., 2004).
The replacement of mineralized cartilage with bone during
endochondral ossiﬁcation seems quite similar to bone remodel-
ing. However, unlike bone, mineralized cartilage does not contain
cells that can regulate osteoclast and osteoblast action. Therefore,
we hypothesize that signals from osteocytes within the bone
adjacent to the mineralized cartilage extend into the latter tissue,
thereby regulating its turnover. We investigated this hypothesis
using a widely accepted computational model of osteocyte-
regulated bone adaptation (Ruimerman et al., 2001, 2005a).
The computational model is based on the theory of Huiskes
et al. (2000), that describes the metabolic processes in bone as a
result of bone tissue loading sensed by osteocytes. Osteocytes are
assumed to react to the strain energy density (SED) rate by
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bone formation, while osteoclastic bone resorption is allowed in
the absence of osteocyte signals, for instance at the location of
microcracks, which obstruct osteocyte signals (Ruimerman et al.,
2001, 2005b; Huiskes et al., 2000). With 2D (Ruimerman et al.,
2001) and 3D (Ruimerman et al., 2005a, 2003) ﬁnite element
analysis (FEA) models, it was previously shown that this theory
can be used to simulate the formation of trabecular bone. In
addition, the adaptation of trabecular bone to alternative loading
conditions, and the morphological effects of osteoporosis could be
explained (Ruimerman et al., 2005a).
To determine if it is feasible that osteocytes control the
replacement of mineralized cartilage with bone during endochon-
dral ossiﬁcation, we tested if the existing bone remodeling theory
can explain typical phenomena observed during the replacement
of mineralized cartilage with bone tissue. For this purpose we
compared model results to rat tibia histology and physiological
and pathological experimental data from the literature.2. Methods
2.1. Mathematical description of the bone remodeling theory
Fig. 1 is a schematic representation of the bone remodeling theory of Huiskes
et al. (2000). Each osteocyte produces a stimulus P in response to the local SED
rate. At each location x on the bone surface, the total osteocyte stimulus P(x,t) is
calculated by summation of the stimuli of the surrounding osteocytes:
Pðx,tÞ ¼
Xn
k ¼ 1
f ðx,xkÞmUðxk ,tÞ:
Here, U(xk,t) is the SED rate at the location of osteocyte k, n is the total number of
osteocytes within the inﬂuence distance of x, m is the osteocyte mechanosensi-
tivity, and f(x,xk) is a signal decay function:
f ðx,xkÞ ¼ edðx,xk Þ=D,
depending on the distance between osteocyte k and location x on the bone surface
d(x,xk), and osteocyte inﬂuence distance D. When the total osteocyte stimulusBone
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Fig. 1. Schematic representation of the bone remodeling theory by Huiskes et al.
(2000).
Table 1
Model parameters.
Symbol Variable Value Unit
n Osteocyte density 1600 mm2
D Osteocyte signal decay parameter 0.1 mm
Vcl Resorption space 1.5103 mm2 h1
g Material constant 3.0 –
m Osteocyte mechanosensitivity 0.5 nmol mm J
kthr Formation threshold 2.0104 nmol mm
t Formation time constant 9.1104 mm5 nmol
Fres Resorption frequency 12.8 h
1 mm2
Eb Elastic modulus bone 5103 MPa
nb Poisson ratio bone 0.3 –
Emc Elastic modulus mineralized cartilage 1102 MPa
nmc Poisson ratio mineralized cartilage 0.4 –
Ec Elastic modulus nonmineralized cartilage 6 MPa
nc Poisson ratio nonmineralized cartilage 0.49 –P(x,t) exceeds formation threshold kthr, bone is formed according to:
dV f ,bðx,tÞ
dt
¼ tðPðx,tÞkthrÞ if Pðx,tÞ4kthr :
Here, dV f ,bðx,tÞ=dt is the change in bone volume at location x due to bone
formation, and t is a time constant related to the rate of bone formation.
Resorption is assumed to be triggered by randomly occurring microcracks.
Therefore, the resorption chance is equal for all locations on the bone surface,
determined by the frequency at which new resorption pits are formed, Fres.
Furthermore, at each location where resorption occurs, the same amount of tissue
Vcl is resorbed. The resorbed tissue can be both bone and mineralized cartilage,
depending on the volume fractions of bone Fb(x,t) and mineralized cartilage
Fmc(x,t):
dV r,bðx,tÞ
dt
¼VclFbðx,tÞ and
dV r,mcðx,tÞ
dt
¼VclFmcðx,tÞ:
Here, dV r,bðx,tÞ=dt and dV r,mcðx,tÞ=dt are the changes in bone and mineralized
cartilage volume at location x due to resorption.
The total change of tissue volume becomes
dVðx,tÞ
dt
¼ dV f ,bðx,tÞ
dt
þ dV r,bðx,tÞ
dt
þ dV r,mcðx,tÞ
dt
:
With this volume change, the local relative tissue density rðx,tÞ can be calculated.
rðx,tÞ ¼ 1 when x consists solely of bone or cartilage tissue, and rðx,tÞ ¼ 0 when x
consists solely of bone marrow. In addition, the new volume fractions of bone and
mineralized cartilage can be calculated (with FbþFmc¼1), indicating the fractions
of the relative density that represent bone and mineralized cartilage, respectively,
which inﬂuence the tissue elastic modulus E(x,t) according to:
Eðx,tÞ ¼ ðFbðx,tÞEbþFmcðx,tÞEmcÞrðx,tÞg :
Here, Eb and Emc are the elastic moduli of bone and mineralized cartilage and g is a
material constant.
2.2. Model parameters
As we tested the hypothesis in a 2D domain, model parameters are related to
area rather than volume (Table 1). The osteocyte density was chosen within the
osteocyte lacunae density range that Marotti et al. (1990) found for various species.
Material constant g was derived from experiments of Currey (1988) onmammal, bird
and reptile bones. Osteocyte inﬂuence distance D was set in agreement with a
simulation study (Mullender and Huiskes, 1995). The elastic modulus (Rho et al.,
1993; Choi et al., 1990; van Rietbergen et al., 1995) and Poisson ratio (Ashman et al.,
1984) of bone were chosen within the range of experimental values found for human
bone. The elastic moduli of mineralized and nonmineralized cartilage were set to 100
and 6 MPa, respectively and the Poisson ratios to 0.4 and 0.49, based on experimental
data on mouse bone, and a numerical study on human bone (Tanck et al., 2004;
Carter et al., 1987). The Poisson ratio of mineralized cartilage was assumed in
between that of nonmineralized cartilage and bone.
The resorption space was derived from Eriksen and Kassem (1992) and Parﬁtt
(1994). Human trabecular BMUs have a length of 100 mm and a thickness between
40 and 70 mm (Eriksen and Kassem, 1992). Assuming that trabecular BMUs are
approximately shaped as half a cylinder with their length axis parallel to the
trabecular length axis, this leads to an average 2D cross-sectional area (depending
on the location of sectioning) between 3.1103 and 5.5103 mm2. According
to Parﬁtt (1994), the resorption cavity is approximately 30% of the BMU size,
leading to a resorption area of 0.9103–1.6103 mm2.
The osteocyte mechanosensitivity m, formation threshold kthr, formation time
constant t, and resorption frequency Fres could not be derived from the literature.Reference
Marotti et al. (1990)
Mullender and Huiskes (1995)
Eriksen and Kassem (1992) and Parﬁtt (1994)
Currey (1988)
1 h1
2 h1
1
Rho et al. (1993), Choi et al. (1990) and van Rietbergen et al. (1995)
Rho (1996) and Ashman et al. (1984)
Tanck et al. (2004)
Tanck et al. (2004) and Carter et al. (1987)
Carter et al. (1987)
Fig. 2. Bone and cartilage remodeling in growing bone. Top: bone remodeling
starting from the initial mesh (left) until an equilibrium bone structure was
obtained (right). Bottom: trabecular structure after 50, 100 and 200 days of bone
growth.
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year was obtained, in agreement with human bone turnover data (Han et al., 1997).
2.3. 2D FEA model
We evaluated the hypothesis in a 2D domain representing part of the growth
plate and underlying bone. We started with a square mesh of 5050 elements,
consisting of 44 rows of bone tissue, ﬁve rows of mineralized, and one row of
nonmineralized growth plate cartilage, with an element size of 50 50 mm. In the
bone tissue, osteocytes were randomly distributed. The mesh was loaded statically
with 2 MPa compression perpendicular to the growth plate, and 1.2 MPa in the
horizontal direction, which for a linear elastic material represents the maximum SED
rate of a dynamic load of 1 and 0.6 MPa at 1 Hz (Ruimerman et al., 2001). Literature
data on stresses in cancellous (long) bone tissue vary (Heijink et al., 2008; Jonkers
et al., 2008), but the load that we used is reasonable for a growing child.
In the initial simulation, only bone remodeling was allowed, until an
equilibrium trabecular structure was obtained. This structure was then used as
starting point for the next simulation, in which mineralized cartilage turnover was
also allowed, and bone growth was simulated by adding rows of mineralized
cartilage in between the existing mineralized cartilage and the nonmineralized
cartilage. The growth rate was set at one row of elements per 48 h, corresponding
with approximately 9 mm per year, which concurs with human growth plates
(Dimeglio, 2001). After the bone had grown 5 mm in length, we evaluated the
structure of the newly formed bone. The bottom 2.5 mm of the bone were not
taken into account, since they were not formed through replacement of miner-
alized cartilage.
In the model, bone remodeling takes place at the bone surface because
osteoclasts and osteoblasts are derived from the bone marrow. However, in
endochondral ossiﬁcation, growth plate vascularization is essential for miner-
alized cartilage resorption, because it enables the recruitment and/or differentia-
tion of osteoclasts (Gerber et al., 1999). Growth plate vascularization is controlled
through biochemical pathways which are not included in the model. Because
investigating vascularization was not our goal, we accounted for osteoclast
delivery by allowing resorption of the bottom row of mineralized cartilage
elements, even if these elements did not border a marrow cavity in our simulated
bone structures. For validation, we also simulated inhibition of growth plate
vascularization by only allowing resorption of mineralized cartilage that did
border the bone marrow. We compared this simulation to the experimental
inhibition of vascularization in mice (Gerber et al., 1999).
2.4. Bone structure parameters
We performed 10 series of simulations as described previously. These series
only differed in the random distribution of osteocytes within the bone tissue,
thereby leading to different but similar trabecular structures. After 5 mm of
growth, bone structure parameters were determined as a function of the distance
from the growth plate. Trabecular number was determined by counting the
trabecular intersections along each horizontal pixel row, trabecular thickness
was deﬁned as the horizontal distance between adjacent marrow cavities, and
trabecular separation as the horizontal distance between adjacent trabeculae.
Although this is similar to histomorphometric methods used in the literature,
trabecular thickness is overestimated, because not all trabeculae are oriented
perpendicular to the growth plate. Therefore, we also manually determined the
thickness of each trabecula perpendicular to its length axis.
2.5. Rat tibia histology
Tibiae were collected from three female 9-month old virgin Wistar rats, that
were sacriﬁced for another study (Brouwers et al., 2009). The rats were part of the
control group that underwent a SHAM operation for ovariectomy. The formalde-
hyde-ﬁxed undecalciﬁed tibiae were embedded in methylmethacrylate (Sigma)
and 527 mm thick longitudinal sections were cut with a Leica RM 2165 micro-
tome, after which the specimens were stained with Safranine O/Fast Green and
hematoxylin.3. Results
3.1. Simulation of cartilage turnover during growth
The initial simulation that incorporated only bone remodeling
resulted in a trabecular-like architecture (Fig. 2, top). In the bone
growth simulations (Fig. 2, bottom), mineralized cartilage was
resorbed by osteoclasts and bone was formed by osteoblasts, even
though the cartilage did not contain load sensing cells and could
therefore not stimulate osteoblastic bone apposition. Instead, theosteocytes in the bone adjacent to the mineralized cartilage were
responsible for inducing bone formation.
3.2. Bone structure parameters
The predicted trabecular number (Fig. 3, left) falls within the
range of literature values (1.3–1.9 mm1), while trabecular
separation (Fig. 3, right) is low ð3002740 mmÞ, and trabecular
thickness (Fig. 3, middle) is high compared to the literature values
ð1192330 mmÞ (Akhter et al., 2007; Cortet et al., 2004; Hildebrand
et al., 1999; Krug et al., 2008). Trabecular separation is under-
estimated, since only the horizontal separation is taken into
account. The manually determined average trabecular thickness
is 238 mm, which is within the realistic range.
Despite the inaccuracy in trabecular thickness and separation
values, which can largely be attributed to the fact that in the
simulations all trabeculae need to be connected in the 2D plane,
the structure parameters do show how the bone develops with
increasing distance from the growth plate. The number of
trabeculae decreases, and as a result of this trabecular separation
increases. The remaining trabeculae thicken, leading to an
increase in trabecular thickness with increasing distance from
the growth plate. This is in agreement with a study of Fazzalari
et al. (1997), who quantitatively investigated histomorphometric
features of the growth plate in the human rib in 20 infants.
3.3. Comparison to rat tibia histology
There are remarkable similarities between simulation results and
histology (Fig. 4). In the simulations, most mineralized cartilage is
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Fig. 3. Mean value and standard deviation of the bone structural parameters for the 10 simulations. Trabecular number (left) decreases with increasing distance from the
growth plate, while trabecular thickness (middle) and trabecular separation (right) increase with increasing distance from the growth plate.
Fig. 4. Comparison FEA model and histology. Left: growth plate and underlying
bone tissue from a rat tibia, with bone tissue stained blue and mineralized
cartilage stained red. Right: 2D FEA simulation. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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cartilage persist at farther distances, which is also seen in the rat
tibiae. Additionally, in both the simulations and the rat tibiae, we
observed a decreasing ratio of mineralized cartilage per bone tissue
at increasing distance from the growth plate.
3.4. Inhibition of vascularization
We tested our theory against experimental data of Gerber et al.
(1999). They inhibited growth plate neo-vascularization in mice by
inactivating vascular endothelial growth factor (VEGF). As a result,
cartilage resorption decreased and the thickness of the layer of
mineralized cartilage increased. In our simulations, inhibition of
vascularization also resulted in decreased cartilage resorption and
increased thickness of the layer of mineralized cartilage (Fig. 5).4. Discussion
While the regulation of bone remodeling has been investigated
extensively, the regulation of formation of new bone through
endochondral ossiﬁcation has not received much attention. Because
of the similarities in these two processes, we hypothesized that
osteocytes not only regulate bone remodeling, but also control bone
formation during endochondral ossiﬁcation. The implementation of
our hypothesis in a previously developed and validated mathematical
model resulted in successful turnover of mineralized cartilage.
In the literature, supporting evidence for the role of mechanics in
mineralized cartilage turnover exists. In human growth plates, the
volume and thickness of the primary spongiosa – the trabeculae
consisting of both newly formed bone and cartilage remnants –
increase with increasing age (Byers et al., 2000). This indicates that
an increase in body weight is associated with an increase in
endochondral bone formation. Similarly, both treadmill exercise
(Huang et al., 2002) and hypergravity (Vico et al., 1999) have been
reported to increase the bone volume of the primary spongiosa in
growing rats. However, the interpretation of these experiments is
not straightforward, since the hypergravity seemed to have an effect
apart from the induced change in loading (Vico et al., 1999). In
addition, weight loading has been reported to promote growth plate
ossiﬁcation in chicks (Reich et al., 2005), but as the loading also
increased vascularization and altered chondrocyte gene expression,
this cannot solely be attributed to an osteocyte response.
Because experimental validation is difﬁcult, we used a mathe-
matical model to evaluate our hypothesis. In the model, osteocytes
are assumed to sense an SED equivalent loading measure and
inﬂuence osteoblast cells in their vicinity. Although these assump-
tions have not been validated, we have demonstrated in earlier
studies that the model can explain various trabecular bone features
(Ruimerman et al., 2001), and that its results are not strongly
dependent on the choice of the load parameter sensed by the
osteocytes (Ruimerman et al., 2005a). In the model, osteocytes
promote osteoblastic bone formation in response to mechanical
load. According to a concurrent theory, osteocytes inhibit bone
formation in the absence of load (Martin, 2000; van Bezooijen
et al., 2004). It was previously shown that implementation of this
theory in the model also results in load-aligned trabecular structures
(van Oers et al., 2010). There is experimental evidence that the
stimulatory and inhibitory mechanism co-exist. In mice, killing
70–80% of the osteocytes induced bone loss under ambulatory
conditions (Tatsumi et al., 2007), indicating that the positive feed-
back of osteocytes on bone formation is the dominant mechanism
Fig. 5. Bone and cartilage remodeling in growing bone after 0 (left), 20 (middle) and 40 (right) days of inhibition of vascularization.
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inhibitory mechanism seems dominant, as osteocyte ablation pro-
tected against bone loss in mice subjected to unloading (Tatsumi
et al., 2007). Because we performed simulations under loading
conditions, we did not include the negative feedback loop in our
model. However, the co-existence of both mechanisms would be
beneﬁcial for cartilage turnover, since it allows osteoblasts to form
bone outside the osteocyte inﬂuence distance.
As possible mediators of the osteocyte mechano-response,
nitric oxide, prostaglandins, and sclerostin have been suggested
(Bonewald, 2006; van Bezooijen et al., 2004). Since the exact
regulatory mechanisms of bone remodeling remain unknown, no
biochemical signaling pathways are incorporated in the model.
Although the importance of these pathways is undisputable, the
empiric character of the model is also its strength. With only a
few equations and a limited number of parameters, healthy and
pathologic remodeling of trabecular bone was successfully simu-
lated previously (Ruimerman et al., 2005a; Cox et al., in press). For
our study, the only extra parameters needed were the growth rate
and mechanical properties of cartilage, which were based on
experimental data from the literature. Model parameters were
derived from various species, and we compared simulation results
to rat, human, and mouse data. This is appropriate because we did
not aim for quantitative analysis of our data, and bone adaptation
mechanisms are similar across mammals. In addition, we pre-
viously showed that the model predicts stable trabecular struc-
tures for a wide variety of model parameter values and that
predicted changes in bone structure in response to model para-
meter changes are in agreement with experimental data (Cox
et al., in press).
The success of mineralized cartilage turnover depends on two
equilibria. First, the rate of cartilage replacement with bone has to be
in equilibrium with the rate of cartilage formation during growth, to
ensure an approximately constant growth plate thickness. A distur-
bance of this equilibrium by a decrease in the rate of cartilage
resorption resulted in an increase in growth plate thickness in our
simulations. Similarly, an increase in cartilage formation rate will lead
to an increase in growth plate thickness. This is in agreement with the
positive relationship between longitudinal growth rate and growth
plate thickness found in rabbits and rats (Seinsheimer and Sledge,
1981; Ogawa et al., 2002). The second important balance is that
between cartilage resorption and bone formation. Problemsmay arise
when cartilage resorption exceeds bone formation. In the remodeling
algorithm, the balance is normally maintained because resorption
cavities create a local increase in the SED rate, which in turn increases
bone formation through osteocyte signaling. To verify that successful
cartilage turnover in our simulations was not strongly dependent on
the chosen model parameter values, we performed a sensitivity
analysis in which we subsequently increased and decreased all modelparameter values by 50% (except for the Poisson ratio of cartilage,
because a value higher than 0.5 is unreasonable). For this wide range
of parameter values, cartilage turnover was only unsuccessful when
we decreased the osteocyte inﬂuence distance (D) or the osteocyte
mechanosensitivity (m) by 50%, because cartilage resorption exceeded
bone formation in these simulations. In vivo, this imbalance may
partly be countered by an increase in bone formation in response to a
decrease of inhibitory osteocyte signals, as discussed previously.
Furthermore, additional biochemical regulatory mechanisms exist
in vivo, which couple cartilage resorption and bone formation.
Our simulations are representative only for a situation where
osteocytes are close to the regions where mineralized cartilage is
formed, such as the growth plate. It is known that in certain
situations, osteoblasts seem capable of forming bone in the absence
of osteocyte signals, for example when the ﬁrst osteoid is synthesized
in the anlage. Such independent osteoblast activity could be involved
during endochondral ossiﬁcation close to the epiphyseal plate as well.
However, in the presence of adjacent osteocytes, osteoblast activity
seems to become regulated by osteocyte signals. The hypothesis that
mechanoregulation is involved in endochondral ossiﬁcation adjacent
to bone tissue is strengthened by indications that the trabecular
volume and thickness of the primary spongiosa (which still contains
cartilage remnants) increase at increasing loading conditions (Huang
et al., 2002; Vico et al., 1999; Byers et al., 2000).
Our study provides further support for the role of osteocyte-
based mechanoregulation in the replacement of mineralized
growth plate cartilage with bone. The simulations indicate that
the same mechanism that is responsible for bone adaptation may
also explain typical phenomena observed during the replacement
of mineralized cartilage with bone tissue. For instance, cartilage
turnover was successful, leading to an approximately constant
growth plate thickness, there was good agreement between the
simulated bone structures and rat tibia histology, and the simu-
lated development of the trabecular architecture with increasing
distance from the growth plate resembled that of infant bones.
We therefore conclude that it is well possible that osteocytes
from within the mature bone adjacent to the mineralized carti-
lage control the turnover of mineralized cartilage into bone.
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